Driven by the increased competition pressure in the last few years, a number of manufactures are shifting their focus from products towards Industrial Product-Service Systems (IPS²). However, the shift to IPS² is also accompanied by risks. The monitoring of IPS² could support executives in identifying the IPS² risks in time and could serve as the basis for optimizing future IPS². In this paper a new method for the hierarchical monitoring of IPS² is developed based on Balanced Scorecard (BSC) and Analytic Hierarchical Process (AHP). The performances and the imbalance degrees of IPS² on different levels are calculated to show IPS² comprehensively. BSC is applied to define IPS²-specific perspectives and indicators. AHP is used to construct a hierarchical monitoring structure and to generate weights for different IPS²-specific perspectives and indicators. Finally a case study is introduced to validate this method.
INTRODUCTION
An Industrial Product-Service System (IPS²) is defined as "an integrated offering of product and service that delivers values in industrial application" (Meier et al., 2010) . It can also be considered as an innovation that extends the traditional functionality of a physical industrial product by incorporating additional services (Baines et al., 2007) . The shift to IPS² can enhance competition and generate more customer benefits, but complex combination among different products and services in IPS² increases the risks (Cook et al., 2006; Sundin et al., 2009) . A quick and precise monitoring of IPS² could support executives in identifying the IPS² risks in time and could serve as a basis for optimizing future IPS². At present, however, executives of IPS² suppliers can only gain IPS²-related information from reports submitted by their employees. It largely impairs executives' work efficiency in monitoring IPS². Hence, a new method for monitoring IPS² is urgently needed. This paper proposes a new hierarchical monitoring method with three levels (i.e. the overall IPS² level, the perspective level and the indicator level) based on Balanced Scorecard (BSC) and Analytic Hierarchical Process (AHP) for executives to monitor IPS² quickly and precisely. BSC has been applied to define IPS²-specific perspectives and indicators. AHP has been used to construct the hierarchical monitoring structure based on these IPS²-specific perspectives and indicators and to generate weights for them. In order to process the indicators with different measurement units, percentages are used to standardize the measurement of different indicators. Furthermore, executives need to know about the imbalances among the various aspects, so that they can determine whether IPS² is running in balance or not. Thus, the performances and the imbalance degrees of IPS² on different levels are both calculated to show the status of IPS² comprehensively. To verify this new method, the paper concludes with a case study about the monitoring of micro-machining PSS.
RELATED WORKS

The Balanced Scorecard (BSC)
The Balanced Scorecard was introduced by Kaplan and Norton (1992) as a management system to align an organization's performance measures with its strategic plan and goals. As exclusive reliance on financial measures in a management system is insufficient, the BSC highlights a balance between financial indicators and non-financial indicators (Craig and Moores, 2010; Yang, 2009 ). The BSC suggests that an organization should be evaluated from four different perspectives: financial perspective, customer perspective, perspective of internal processes and perspective of learning and growth. Each perspective considers several related performance measuring indicators.
Though originally developed as a performance measurement tool, the BSC has evolved into an organizing framework, an operating system, and even a strategic management system (Kaplan and Norton, 1996) . Of course, the choice and definition of the perspectives and indicators depend on the characteristics of the individual BSC implementation. BSC can be adapted as a tool for executives to monitor IPS², but the main weakness that all indicators have the same weight hides the different importance of the considered indicators.
The Analytic Hierarchical Process (AHP)
The AHP method was developed by Saaty (1980) as a tool for modeling the complex decision problems. It allows both qualitative and quantitative approaches to solve complex decision problems (Wong and Li, 2008) . In the qualitative aspect, the problem is modeled to a hierarchy consisting of an overall goal, a group of criteria and sub-criteria, and a group of alternatives. In the quantitative aspect, numerical weights for criteria are generated by making pairwise comparisons among all criteria at each level to distinguish in general the more important criteria from the less important ones. To improve validity recognizing that participants may be uncertain or make poor judgments in some of the comparisons, redundant comparisons are involved in AHP. This redundancy can lead to numerical inconsistencies. Saaty (1994) suggested the error in these measurements is tolerable only when it is of a lower order of magnitude (0.1) than the actual measurement itself.
In order to distinguish the more important indicators in the monitoring of IPS² from the less important ones, the AHP method is mainly used to generate weights for all indicators and perspectives (Wang, 2009 In general, the fulfillment of customer needs and customer satisfaction are the main goals of an IPS² offering. The quality of the IPS² affects customer satisfaction directly. The acquisition and integration of different IPS² resources are prerequisites for each successful IPS². They are also the foundation of the innovation and creativity for IPS². Moreover, the high efficiency of IPS² resources can reduce cost and improve the financial status. Satisfied and loyal customers can also lead to increased revenues, i.e. improvement of the financial status. The balance of these four perspectives can ensure a successful IPS².
In order to measure and monitor the IPS² performance, several indicators have been defined and assigned to considered perspective. In order to explain the monitoring process clearly, only three to four indicators have been shown in figure 2. Generally, indicators can be divided into two categories: quantitative indicators and qualitative indicators (CIDA, 1996) .
Quantitative indicators can be defined as measure of quantity, such as revenue of IPS². Qualitative indicators can be defined as people's judgments and perceptions about a subject, such as customer satisfaction.
IPS² Goal Financial
Do IPS² costs exceed its budget?
Customer how does the customer see our IPS² and us?
IPS² Resources
Can we integrate IPS² resources well?
IPS² Lifecycle
What is the current status of IPS²? 
Three-level Structure of the Monitoring Method
According to the structure of the IPS²-specific BSC, a hierarchical structure incorporating three-levels has been constructed for this monitoring method, as shown in figure 2. The first level is the overall IPS² goal. The second level shows four perspectives in agreement with the IPS²-specific BSC. The third level defines performance measuring indicators. Usually the performance of an indicator is its actual value. Since different indicators have different measurement units, it is impossible to compare and to integrate indicators with different units. Thus, percentage is used to unify the measurement of all indicators. In this method the performance of an indicator can be calculated as follows:
If a>t is the most expected result
Where : performance, : target, : actual value As an example, the performance of "On-time delivery of IPS²" indicator can be calculated using (2) and based on the target finish time and the actual finish time. All quantitative indicators can be measured using similar calculation. However, for qualitative indicators these two equations cannot be used, but their principles must be kept. The performance of qualitative indicators should be manually measured according to their measurement standards, and then converted to percentages.
The performance of indicators is the basis for the further calculation. The performance of each perspective is the weighted average of all indictors under it. The overall performance is the weighted average of its four perspectives.
Within the BSC method all indicators and perspectives have the same weight. In fact different indicators or perspectives have different weights. The assignment of weights provides executives with more precise information about the performance of IPS². The AHP method is used to generate the weights. Since indicators are organized by the perspectives, the indicators in different perspectives are not associative. The weights of perspectives and the weights of indicators under each perspective should be generated separately.
In order to show the imbalance among different indicators or perspectives, the imbalance degree are calculated using the method of standard variance that is usually used as a measure of how far a set of numbers are spread out from each other.
The hierarchical structure gives executives a topdown view to monitor IPS². Based on the performances of IPS² on these three levels, executives can determine whether the IPS² has been well implemented or not. At the same time the imbalance degree show executives whether IPS² has been implemented in a balanced way or not.
Methodology
By combining the BSC and the AHP method and adapting them to IPS², a five-step calculation method has been developed to generate the weights of different indicators and perspectives, and to calculate the performances and imbalance degrees of IPS² on different levels.
The performances and imbalance degrees of the overall IPS², the customer perspective, the IPS² lifecycle perspective, the IPS² resources perspective and the financial perspective must be calculated Step 2 
Step 3: Examine the Consistency Ratio The consistency property of the matrix is then verified to ensure the consistency of judgments in the pairwise comparison. The Consistency Ratio ( ) are defined as (4):
where = (Consistency Index) is the average consistency.
is the maximum eigen value of the comparison matrix, and is the size of matrix.
is the average random index taken as in Table 2 .
If < 0.1 , the comparison matrix is considered to be consistent. In contrast, the matrix results are inconsistent and it needs to be modified for the further analysis. Step 4: Calculate the Performance If the comparison matrix is consistent, it can be used for the calculation of the performance of the customer perspective. The performance of all customer indicators should be calculated beforehand. If = { , , … , } is the performance vector of customer indicators, the performance of the customer perspective can be calculated using the following equation (5):
Step 5: Calculate the Imbalance Degree In essence, the imbalance degree of the customer perspective is the standard variance of all customer indicators. Their weighted variance is calculated using (6). Subsequently their standard variance can be calculated using (7):
Where ∑ = 1, then:
By using the same process, the performance of the IPS² lifecycle perspective, the perspective of IPS² resources and the financial perspective can be calculated as , and respectively. Their imbalances can also be calculated as , and .
The overall performance and imbalance degree of IPS² can be calculated using equations (8) 
APPLICATION OF THE PROPOSED METHOD
In order to verify this method, it has been prototypically applied to monitor the micromanufacturing PSS (Product-Service System) that is provided by MicroMan solutions Co. This IPS² offers customers an integrated solution including micro-machining technology and related services, such as condition monitoring, financing, process optimization, maintenance, training, and so on. This monitoring method has been applied based on the structure shown in figure 2 . Tables 3-7 In order to examine the consistency ratio of their comparison matrix, their CR values are calculated as follows:
= 0.034 = 0.018 = 0.019 = 0.016 = 0.044 None of the values exceed 0.1. Thus, these five matrixes are considered consistent, and the five calculated weight vectors can be used to calculate the performance and imbalance degree of IPS² on different levels.
For a micro-machining PSS, the performance of its all indicators have been calculated and listed in column 5 of table 8. Column 4 shows the weight of each indicator. The performance and imbalance degree of each perspective have been calculated using equations (5) and (7), and are listed in column 2. The overall performance and imbalance degree have been calculated using equations (8) and (9) based on the results of column 2. They are shown in column 1 of table 8.
In comparison to the above calculation, the monitoring process is a top-down process. From column 1, executives can derive the overall status of IPS². Critical values can be taken to identify those IPS² that have poor performance or are not in balance. Usually should not fall below 95% and should not exceed 0.1. Column 2 provides executives with more detailed information of IPS², i.e. its four perspectives. Using critical values, problematic perspectives can be found out easily. The performance of each indicator in column 5 shows a concrete measurement of IPS². Executives can find the concrete problem of a problematical IPS² from the indicators whose performance is insufficient. That way, executives can determine problematic IPS² quickly and fix the problems precisely by using the proposed hierarchical monitoring method.
CONCLUSIONS
This paper has introduced a new method for the hierarchical monitoring of IPS² based on BSC and AHP to meet the IPS² monitoring requirements of executives. The BSC method offers a framework to comprehensively and precisely define IPS²-specific perspectives and indicators. The assignment of weights to different indicators and perspectives gives executives an opportunity to monitor and to measure the performance of IPS² by highlight in indicators or perspectives with different weights, and the AHP method ensures the generation of meaningful and objective weights. Moreover, the use of percentages as the unified measurement unit eliminates the measurement differences among different indicators and simplifies the expression of IPS² performances. Next to performances, imbalance degrees of IPS² have been calculated on different levels to offer executives a fast view of whether IPS² is running in balance or not.
The AHP employs a suitable method (i.e. pairwise comparison matrix and consistency examination) to ensure the generation of objective weights. If, however, a comparison matrix is very big, it is highly complex and a lot of time is needed to adjust it to pass consistency examination. Thus, an easier method for weight generation should be added in future as an alternative to avoid having to deal with too large comparison matrixes.
Since the main information, which is required by executives in IPS² monitoring, originates from the IPS² lifecycle management (LM) platform (Abramovici et al., 2008; Abramovici et al., 2009) , it seems to be very efficient to integrate this monitoring method in the IPS² LM platform. Thus, in future, this monitoring method will be programmed as a function module in the IPS² LM platform to validate and to improve it in the actual application by IPS² suppliers. As executives tend to pay more attention to their products after the economic crisis, the described monitoring method can be adjusted and used further in other areas to monitor different products or services.
